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ABSTRACT 

The mid-IR spectra of six large, irregular PAHs with formulae (C84H24 - 
C120H36) have been computed using Density Functional Theory (DFT). Trends 
in the dominant band positions and intensities are compared to those of large, 
compact PAHs as a function of geometry, size and charge. Irregular edge moieties 
that are common in terrestrial PAHs, such as bay regions and rings with quartet 
hydrogens, are shown to be uncommon in astronomical PAHs. As for all PAHs 
comprised solely of C and H reported to date, mid-IR emission from irregular 
PAHs fails to produce a strong CCgtr band at 6.2 /im, the position characteristic 
of the important, class A astronomical PAH spectra. Earlier studies showed 
inclusion of nitrogen within a PAH shifts this to 6.2 fim for PAH cations. Here we 
show this band shifts to 6.3 fim in nitrogenated PAH anions, close to the position 
of the CC stretch in class B astronomical PAH spectra. Thus nitrogenated PAHs 
may be important in all sources and the peak position of the CC stretch near 
6.2 fim appears to directly reflect the PAH cation to anion ratio. Large irregular 
PAHs exhibit features at 7.8 //m but lack them near 8.6 /xm. Hence, the 7.7 /jm 
astronomical feature is produced by a mixture of small and large PAHs while the 
8.6 /um band can only be produced by large compact PAHs. As with the CC str, 
the position and profile of these bands refiect the PAH cation to anion ratio. 
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Introduction 



Infrared emission from polycyclic aromatic hydrocarbons (PAHs) and closely related 



speci e s has been detect e d throughout much of the modern uniyerse fe.g. ICox fc Kessle 



1999I: 


Helou et ali 


Brandl et al. 


2006|; 



2OO0I: IVermeii et 



2OO2I: 



Peeters et al. 



Selkren et al.lboOTi : Ismith et al.lboOTi: 



PAH models have been developed (e.g. iLi fc Draine 



2004 



Bregman fc Temi 



Galliano et al. 



2001 



sion d ominates the mid-IR spectra of many objects (e.g. 



2001; Peeters et al. 2002b. 2004; Onaka 2004; Brandl et al 



Draine fc Li 



Uchida et al 



2006 



2005 



2008h and detailed 
2003). This emis- 



2000 



Verstraete et al. 



Compiegne et al.l 120071 ). 



The spectral details of this emission vary between different objects and spatially within ex- 



tended objects (e . g. iPeeters et a. 



Berne et al.ll2007l : ISellgren et al 



2002al . I2OO4I : iBregman fc Temill2005l : iRapacioh et al.l 12005 



20071 . and refs. therein), revealing the nature of the specific 



PAH molecules present and reflecting the conditions within the emission zones. 

Proper interpretation of these spectra requires a thorough understanding of the spec- 
troscopic properties of PAHs of a size comparable to those which dominate the emission 
process. Most previous work on PAH IR spectroscopic properties focused on species con- 
taining about 50 or fewer carbon atoms because large PAHs are not readily available for 
exp erimental study and computational techniques for such large systems were not practi- 



cal JLanghoillQod iBauschhcher fc LanghofjEoQTl : iLanghoff etaUllQQsl : iMalloci et aD 12007 



Pathak Sz Rastogi 20081 ) . Although large PAH accessibility remains limited, computational 
capabilities have increased and the spectra of large PAHs can be determined with good pre- 
cision (e.g. iBauschlicherl |2002| ) . We recently presented and discussed the computational IR 
spectra of several large, compact, symmetric PAHs ranging in size from C66H20 to C130H28 



(IBauschlicher et al.ll2008l . hereafter Paper I). These spectra provide new insight into the effect 
of size and structure on the IR spectroscopic properties for species that are comparable in 
size to those which are thought to dominate the emitting population of astronomical PAHs. 
Here we extend this work to comparably sized PAHs with different structures -in particular, 
with irregular edge geometries- and focus on the spectroscopic features which are sensitive 
to these structural differences. Since the spectra reflect these structural details in ways that 
provide deeper understanding of the PAH populations that contribute to the observed as- 
tronomical spectra, this information can then be used to gauge the relative importance of 
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PAHs with specific geometrical features in the overall PAH population. 

This work is presented as follows. The computational approach and resulting spectra 
are discussed in Sect. |5J These spectra are applied to astronomical observations in Sect. [31 
where specific information about, and constraints on, the charge, size, and structure of the 
astronomical PAH population are presented. The paper is concluded in Sect. IH 
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Fig. 1. — The structures of the large irregular PAHs studied in this paper and the structure 
of the parent PAH, C96H24, from which these structures are derived. Two of the six bay 
regions in C84H24 are indicated by arrows. The number of H atoms spanning a bay region, 
and the number of hydrogen atoms which do not span a bay region, are given for each PAH. 
Likewise, the number of solo, duo, trio, and quartet hydrogens are also tabulated for each 
molecule. 
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2. Computational Methods, Results and Discussion 



Since a detailed description of tlie computational metliod is presented in Paper I, tlie 
computational approach will just be summarized here. PAH geometries are optimized and 
the harmonic frequencies and IR intensities are computed using the B3LYP (IStephens et al. 



1994 ) hybrid (jBeckdll993l ) functional in conjunction with the 4-3 IG basis sets 



Frisch et al. 



1984 ). The calculations are performed using the Gaussian 03 computer codes (IFrisch et al. 
2003h . 



As in Paper 1, attention is focused on the major emission bands. We do not show all of 
the data here because the number of bands determined for species of this size is extremely 
large. These data are available upon request and will become part of the publicly available 
Ames PAH IR Spectral Database which is now under construction. Synthetic spectra are 
presented in which computed frequencies have been scaled by 0.958, the factor which has been 
found to bring the computationally determined P AH vibrational frequencies into very good 
agree ment with experimentally measured spectra (iLanghoffl Il996l : iBauschlicher fc Langhofi 
19971 ). Intensities are unsealed. To permit comparison of these absorption spectra with 
astronomical observations which record emission spectra, the mid-IR bandwidth for a large 
molecule emitting under interstellar conditions has to be taken into account. Up to now, 
this has been taken as about 30 cm~^ across the mid-IR. As discussed in Cami et al. (in 
preparation), the natural bandwidth can be band dependent. Here a bandwidth of 30 cm~^ 
is taken for the bands shortward of 9 /im, and 10 cm~^ for the bands longward of 10 /im, 
values consistent with the most recent observational and theoretical constraints. For the 
9 to 10 /im region, the FWHM is scaled in a linear fashion (in wavenumber space) from 
30 to 10 cm~^. Despite these limitations, these idealized spectra can be useful in better 
understanding the observed interstellar spectra. 
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Table 1: The C-H stretching band position maxima (A, in yum), total intensity (I), intensity 
per CRbay and intensity per CB.non-bay (I(CH)) for the PAHs shown in Fig. [H The intensities 
are in km/mol. 



Molecule 




Cation 








Neutral 






Anion 






A 


I 


I(CH) 




A 


I 


I(CH) 


A 


I 


I(CH) 








nb*" 


b^ 








nb"" 


b^ 






nb*" 


b^ 


C96H24 


3.255 


630.6 


26.3 




3, 


.265 


930.5 


38.8 




3.277 


1480.5 


61.7 




C84H24 


3.259 


215.5 


18.0 




3, 


,272 


333.6 


27.8 




3.287 


590.9 


49.2 






3.203 


303.5 




25.3 


3, 


,213 


413.0 




34.4 


3.225 


695.6 




58.0 


C90H30 


3.255 


591.1 


24.6 




3, 


,266 


1023.2 


42.6 




3.278 


1579.9 


65.8 






3.170 


3.5 




0.6 


3, 


,174 


4.3 




0.7 


3.176 


4.9 




0.8 


C102H26 C21; 


3.256 


403.8 


22.4 




3, 


,269 


638.4 


35.5 




3.281 


1068.8 


59.4 






3.207 


235.8 




29.5 


3, 


,214 


343.8 




43.0 


3.224 


561.3 




70.2 


C102H26 C2h 


3.250 


543.6 


24.7 




3, 


,260 


891.9 


40.5 




3.272 


1563.6 


71.1 






3.221 


82.0 




20.5 


3, 


,231 


142.3 




35.6 


3.236 


222.5 




55.6 


C110H30 


3.253 


278.1 


19.9 




3, 


,266 


465.7 


33.3 




3.280 


753.0 


34.2 






3.211 


400.4 




25.0 


3, 


,217 


517.3 




32.3 


3.225 


788.9 




49.3 


C120H36 


3.249 


278.6 


23.2 




3, 


,256 


435.8 


36.3 




3.268 


704.5 


58.7 






3.217 


528.2 




22.0 


3, 


,222 


532.8 




22.2 


3.230 


683.7 




28.5 



"non-bay hydrogens; 
^bay hydrogens; 

^reducing the FWHM to 15 cm~^ to resolve the bay and non-bay H's yields. 
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The PAH structures considered here are shown in Figure [T] and are all variants of the 
PAH C96H24, one of the molecules treated in Paper I. As shown in Figure [H C96H24 is a 
compact, highly symmetric (Dgfe), closed edged PAH containing no bay regions and having 
only solo and duo peripheral hydrogens. Close inspection of Figure [T] shows the following 
relationships between C96H24 and the PAHs considered here. The smallest molecule, C84H24, 
results by removing the 12 outermost corner carbons from C96H24. While the symmetry of 
the molecule remains unchanged, this modification opens the edge structure by introducing 6 
bay regions and converts this to a PAH with only duo hydrogens. Two of the six bay regions 
are indicated by the arrows in Figure [H The conversion to C90H30 is achieved by replacing 
the 6 carbon atoms comprising the central hexagonal ring of C96H24 with hydrogen atoms. 
This too maintains symmetry, while introducing internal hydrogen atoms within the aromatic 
network. The structure for the PAH, C102H26 C2V, is produced by adding 3 carbon atoms to 
each of two edge rings along one of the symmetry axes. This adds two rings, reduces the 
symmetry to C2,;, introduces 4 bay regions and 6 tertiary hydrogen atoms. The C102H26 C2/1 
isomer is produced by again adding 3 carbon atoms, but this time off a symmetry axis. This 
reduces the symmetry further to C2h, introduces 2 bay regions and again adds two new rings 
and 6 tertiary hydrogen atoms. The modifications that produce C110H30 and C120H36, the 
largest PAHs considered here, introduce bay regions as well as trio and quartet hydrogens to 
the structure. The neutral, cation and anion forms for all of these PAHs have been computed 
and are discussed below. 
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Fig. 2. — The synthetic absorption spectra in the 3 fim region for the cation, neutral and 
anion forms of the PAHs shown in Fig. [H To guide the eye, dotted hues at 3.21 and 3.27 
Hm are also shown. Note that in contrast with Table [U a FWHM of 30 cm~^ is used for all 
molecules. 
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2.1. The CH stretching vibrations (2.5 - 3.5 /iin) 

The peak positions of the bands which dominate the CH stretching region for each of 
the PAHs are listed in Table [1] and the corresponding spectra are shown in Figure [2l 




Fig. 3. — The vibrational motions of the atoms comprising bay and non-bay edge struc- 
tures in C120H36. Green represents the carbon skeleton, white the H atoms and the relative 
motions are shown with red arrows. Note that for a bond contraction, the arrows overlap 
the bonds and are a bit hard to see. The top left structure shows the atomic motions for the 
Aig asymmetric vibration. Here, the vibrating atoms across the bay are out-of-phase with 
each other (CH contraction combined with CH expansion). The lower structure shows the 
corresponding motions for the symmetric combination in which the vibrations are in-phase 
(both CH bonds stretching at the same time), maximizing the interaction. 
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Fig. 4. — Decomposition of the CH^tr spectrum of C84H24. a) The spectrum when all non-bay 
hydrogen atoms are replaced by deuterium atoms, b) The spectrum when all bay hydrogen 
atoms are replaced by deuterium atoms, c) The spectrum of the fully hydrogenated C84H24. 
This shows that the peak near 3.27 /im is primarily due to non-bay CH stretching vibrations 
and the peak near 3.21 /im is largely due to CH stretching vibrations involving hydrogen 
atoms across the bay regions. See text and Figure [3] for details. 
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The spectra in Figure [2] are striking. Instead of showing a single strong band peaking 
near 3.26 fim as is the case for the vast majority of PAHs studied to date, most of the 
spectra in Figure [2] have two prominent bands, one peaking near ~3.27 fim and another 
near ~3.21 fim. Comparing the structures shown in Figure[T]with the corresponding spectra 
in Figure [2] shows that the peak near 3.21 /xm is associated with PAHs that have bay 
region edge structures. Consideration of the specific CH stretching vibrational motions that 
produce these bands shows that the shorter wavelength (higher frequency) band results 
from the steric interaction between the hydrogen atoms that are across bay regions. As 
illustrated in Figure [3l the stretching vibration of one hydrogen in a bay is hindered by the 
opposing hydrogen atom, requiring slightly more energy for the transition to occur. Note 
that the symmetric combination has a larger shift than the asymmetric combination, but the 
asymmetric vibration is also shifted with respect to the unhindered CH stretch. However, 
all of the asymmetric modes are very weak and therefore essentially make no contribution 
to the CH stretching region. This interaction is explored further for the molecule, C84H24. 
The spectrum was computed for two isotopomers of neutral C84H24, one form in which all 
the non-bay hydrogens were replaced by deuterium atoms, the other in which all the bay 
hydrogens were replaced with deuterium atoms. The results are shown in Figure HI Since the 
CD stretch is shifted out of this region to ~4.6 /im, the spectrum is simplified by removing 
the contributions of CH bands associated with bay or non-bay hydrogens from the region 
near 3.3 fim. Figure H] shows that, when deuterium atoms are substituted for the hydrogen 
atoms in the bay regions, the band near 3.21 //m in C84H24 disappears while that near 3.27 
lim remains. The opposite occurs when deuterium atoms are substituted for hydrogen at 
the non-bay positions. This decomposition of the CH stretches clearly shows that the peak 
near 3.27 /xm is due to the non-bay hydrogens and the peak near 3.21 /im is due to the 
hydrogens across the bay regions. It is interesting to note that the shift due to the bay 
structure is, in general, larger than the shift associated with PAH charge, at least for PAHs 
of this size. 

The positions of the bands produced by the CH stretching vibrations of the non-bay 
hydrogens for the irregular PAHs treated here are similar to those of the large compact PAHs 
discussed in Paper I, all of which have only non-bay hydrogen atoms. Table 1 shows that 
the non-bay CH band in the cations falls between 3.249 and 3.259 /im, compared with the 
range of 3.252 to 3.257 /im for the comparably sized PAHs (C78H22 - C130H28) discussed in 
Paper I. The CH stretch for the neutral forms of the PAHs shown in Figure [1] also span a 
slightly wider range than those in Paper I and are centered at about the same wavelength. 
In this case, the CH stretching band in the irregular PAHs peaks between 3.256 and 3.272 
/im compared to 3.264 and 3.267 /zm for the earlier sample. Similarly, the region in which 
the non-bay CH stretches for the anion forms of these PAHs falls, 3.268 to 3.287 /im also 
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overlaps that of the earher sample (3.276 to 3.278 fim). 

The overall band positions and band strength per CH associated with bay and non-bay 
hydrogens are given in Table [TJ The intensities of the bands produced by the non-bay CH 
stretching vibrations, are similar to those for the PAHs considered in Paper I. However, 
the tendency of the individual CH band strengths of the more symmetric PAHs to grow 
slightly with PAH size is not reflected in this sample. Overall molecular structure is clearly 
important. The mean value of I(CH) for the 6 PAH cations considered here is 22.1 km/mol 
compared with a value that steadily increases from 20.6 to 30.1 km/mol for the comparably 
sized PAHs in Paper I. Similarly, the average I(CH) for the neutral PAHs considered here is 
36.0 km/mol compared to a range of 36.4 to 43.6 km/mol for the PAHs in Paper I. Likewise, 
the average for the anions of the irregular PAHs is 56.4 km/mol versus a steady increase 
from 61.8 to 65.9 km/mol with size for the compact PAHs. 

Regardless of the somewhat different behavior between I(CH) for the very large PAHs 
considered in Paper I and the bands produced by the non-bay CH groups in the very large 
PAHs treated here, these new data reinforce the important differences between the spec- 
troscopy of small PAHs and PAHs which are comparable in size to those which dominate the 
astronomical mix. Most significantly, I(CH) for the neutral forms is of the same order as in 
the ionized forms (within a factor of 1.5). Thus the dramatic reduction in the A value per 
CH for the CHgtr upon ionization that is observed for small PAHs is reduced considerably 
for all of the PAHs considered here and in Paper I. The trend of intensity increase as PAH 
charge form changes from cation to neutral to anion holds for all the PAHs considered here 
and in Paper I. 
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Table 2. The 6-9 //m band position maxima (A, in //m) and total intensity (I). The 

intensities are in km/mol. 



Molecule 


Cation 


Neutral 


Anion 




A 


I 


A 


I 


A 


I 


C96H24 


8.938 


62.9 












8.401 


1023.3 


8.592 


77.4 


8.463 


1352.4 








8.286 


4.7 








7.782 


469.8 


7.846 


56.6 


7.833 


932.0 




7.563 


1816.1 


7.590 


16.9 


7.675 


1451.7 








7.404 


13.4 












7.054 


20.5 


7.151 


194.5 




6.827 


997.8 


6.823 


43.8 


6.841 


313.1 








6.471 


41.6 


6.497 


292.7 




6.345 


2718.2 


6.265 


105.7 


6.354 


1253.4 


C84H24 


8.932 


11.7 


8.941 


1.1 












8.535 


6.2 








8.034 


1192.5 


7.928 


170.4 


8.065 


866.6 




7.588 


1076.6 


7.468 


46.2 


7.646 


2376.9 




7.153 


57.5 






7.244 


54.0 




6.855 


19.0 


6.878 


37.2 


6.882 


53.9 




6.624 


47.0 


6.727 


8.9 


6.693 


126.8 




6.351 


1879.0 


6.244 


82.0 


6.346 


1270.5 


C90H30 


8.695 


475.7 


8.720 


45.7 


8.746 


446.1 




8.415 


474.4 


8.364 


36.2 


8.451 


429.4 




7.933 


628.1 


8.055 


91.7 


8.037 


735.2 




7.590 


377.9 


7.762 


3.3 


7.612 


401.9 




7.330 


312.4 


7.412 


68.1 


7.369 


314.5 












7.044 


81.6 




6.821 


673.0 


6.821 


36.7 


6.817 


242.8 




6.411 


1409.1 


6.405 


103.0 


6.445 


790.6 








6.267 


83.8 






C102H26C2V 


8.941 


12.4 


8.951 


32.9 


9.157 


13.7 




8.431 


755.5 


8.372 


23.2 


8.573 


601.8 
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Table 2 — Continued 



Molecule 


Cation 


Neutral 


Anion 




A 


I 


A 


I 


A 


I 




8.000 


665.1 


8.179 


41.3 


8.300 


194.3 




7.785 


1580.1 


7.634 


123.9 


7.868 


2270.4 




7.023 


333.1 


7.141 


59.2 


7.361 


172.6 












7.103 


148.0 




6.788 


249.6 


6.853 


59.8 


6.889 


81.5 












o.oyy 


zzo.y 




6.416 


1978.6 


6.329 


191.8 


6.386 


881.7 


C102H26C2I1 


8.947 


51.9 


8.962 


40.2 








8.480 


1082.0 


8.449 


58.6 


8.592 


1700.0 




7.828 


1740.7 


7.928 


31.2 


7.838 


1837.9 








7.541 


126.2 








7.375 


213.8 


7.308 


51.2 


7.379 


424.4 




6.999 


109.2 


6.964 


62.9 








6.813 


301.3 


6.775 


37.1 


6.841 


1218.7 




6.508 


492.1 


6.693 


46.0 


6.544 


844.7 




D.OiU 


Q/IO 
o4Z.Z 


R 000 

D.zyz 


0/1 1 
z4i.Z 


D.OOD 


1 00.4 


IIU OU 






8.699 


24.5 


8.774 


198.7 




8.258 


804.9 


8.275 


72.2 


8.402 


118.3 




7.988 


769.7 












7.819 


1784.5 


7.759 


104.9 


7.901 


2941.7 












7.389 


241.4 




7.049 


403.3 


7.055 


112.0 


7.146 


94.7 












6.853 


83.0 




6.758 


196.5 


6.768 


168.9 


6.715 


162.6 












6.567 


157.3 




6.407 


2197.3 


6.321 


186.2 


6.383 


914.8 


C120H36 


8.907 


3.4 


8.911 


8.3 


8.937 


102.9 




8.447 


266.9 


8.368 


23.3 








8.119 


1150.3 


8.145 


48.7 


8.183 


833.7 
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Table 2 — Continued 



Molecule Cation Neutral Anion 



A 


I 


A 


I 


A 


I 


7.830 


904.3 


7.838 


113.2 


7.870 


1642.6 


7.552 


1710.9 


7.449 


38.1 


7.603 


2295.3 


7.189 


530.3 


7.153 


23.8 


7.094 


225.6 






6.973 


49.5 






6.734 


731.0 


6.724 


340.6 


6.776 


686.9 


6.411 


2722.5 


6.292 


131.3 


6.386 


1859.1 
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Fig. 5. — The synthetic absorption spectra in the 6 to 9 /xm region for the cation, neutral 
and anion forms of the PAHs shown in Figure [H To guide the eye, dotted lines at 6.3, 7.7 
and 8.6 ^m. are also shown. 
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2.2. The CC stretching and CH in-plane bending vibrations (5-9 /iin) 

The 5-9 /xm region of the spectra for the neutral, cation, and anion forms of the PAHs 
considered here are shown in Figure [5] with corresponding band positions and integrated 
band strengths listed in Table [21 The bands in this wavelength range correspond to CC 
stretching and CH in-plane bending vibrations. In considering the spectra in Figure 0, one 
is struck by the prominent band at 6.725 fim for neutral C120H36. Analysis of the vibrational 
motions shows that this band is produced primarily by the CH in-plane bending motions of 
the 24 quartet hydrogen atoms on the protruding rings in C120H36. The band is visible in 
the spectrum of C110H30, the only other PAH in this set which contains protruding rings, but 
it is much weaker since this PAH has only 8 quartet hydrogen atoms, a number comparable 
to the number of solo, duo, and trio hydrogens. This quartet hydrogen mode is much less 
obvious in the ions. Note that the integrated band strengths for the neutral PAHs is at 
least 10 times smaller than those of the corresponding cations and anions. The significant 
intensity enhancement of the bands in the 6-9 nu i region upon PAH ionizat i on is consistent 



with that found for all PAHs studied to dat e (ISzczepanski fc Valal Il993l : iLanghoffl Il996 



Kim et al.ll200ll : iHudgins fc Allamandolalll999l . and ref. therein). Since the bands between 6 



and 9 ^m in the spectra of neutral PAHs are an order of magnitude weaker than those in the 
corresponding cations and anions, the discussion in this section focuses only on the cation 
and anion spectra. We should note that for the nitrogenated PAHs (PANHs) the intensity of 
the emission from the neutrals is not insignificant when compared with the cations or anions, 
and hence for PANHs the neutrals would need to be included in the discussion, which is not 
the case for the pure PAHs. 

The pure CC stretching region (~6.2 to 6.4 /im) in the spectra of the PAH cations and 
anions shown in Fig. O are rather similar and, perhaps surprisingly, show much less variation 
than do the spectra of the more symmetric, regular PAHs described in Paper I. With the 
exception of the C2/1 forms of C102H26 ^ and C102H26 ~, the spectra for all of these PAHs have 
a prominent CC stretching band peaking between 6.346 and 6.445 //m. 

The features that fall between 7 to 9 /im in the spectra shown in Fig. O are produced 
by CC stretching and CH in-plane bending vibrations. Vibrations involving CC stretching 
motions coupled with CH in-plane bending modes generally produce bands in the 7 to 8 
fim region while CH in-plane bending vibrations usually produce features between 8 and 9 
fim. Overall, the 7 to 9 /im spectra of the cations and anions resemble one another, but not 
as closely as the spectra of the similarly sized PAHs treated in Paper I. There we pointed 
out that a study of the modes suggested that the shape of the edge might contribute to the 
differences in this region of the spectrum as they do in the CUstr and CRoop regions. For 
example, there seems to be a jump from 7.6 to 7.8 fim at C102 for both the cations and 
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anions. A similar shift is found for the PAHs at Cuo in Paper I. However, as Fig. [5] shows, 
the spectrum of C120H36, a highly symmetric, yet significantly less compact PAH than all 
the others considered, seems to present an exception. Here the strongest peak falls near 7.6 
Hm, close to the position of the strong band in the spectra of the smaller PAHs C84H24 and 
C96H24. Apparently the "extra" protruding rings in C120H36 do not couple strongly enough 
with the C96 core to shift this band. Finally, it is interesting to note that none of the spectra 
shown in Figure [5] have a strong 8.6 /zm band except for that of the form of C102H26. 
This is in sharp contrast with the spectra of the large PAHs considered in Paper I. The 8.6 
fim band appears to grow in intensity with the increasing size of large symmetric, compact 
PAH species, with some of those larger than C96H24 having rather strong, prominent bands 
near 8.6 /im. However, this is not observed for the irregular PAHs considered here. 
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Fig. 6. — The synthetic absorption spectra in the 9 to 15 /im region for the cation, neu- 
tral and anion forms of the PAHs shown in Figure [H To guide the eye, dotted hues 
at 11.0 and 12.9 /im are also shown. The boxes in the lower frame indicate the wave- 
length regions associated with the CB.oop vibrations for different types of adjacent hydrogen 
atoms determined from matrix isolated spectro scopy of neutral and cationic small PAHs 
dHudrins fc Allamandolalll999l : IHouv et al.lboOlj ). 
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Table 3. The 9-15 //m band position maxima (A, in ^m) and total intensity (I, in 
km/mol). The corresponding number of solo, duo, trio and quartet hydrogens are given in 
parenthesis under each formula. For PAHs with any hand stronger than lOkm/mol, all 
charge states are listed. If the bands for the cation, neutral and anion state of a PAH all 

fall below lOkm/mol they are not included. 
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Table 3 — Continued 
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2.3. The CH out-of-plane bending vibrations (9-15 /iin) 

The 9 to 15 /xm region of the spectra for the neutral, cation, and anion forms of the 
irregular PAHs are shown in Fig. [6] and the peak wavelengths and integrated band strengths 
of the most significant bands in these spectra are summarized in Table [31 The bands in Fig. [6] 
correspond to CH out-of-plane bending vibrations (CHoop)- The lower frames of the figure 
indicate the regions typically asso ciated with the C B.nop bands produced by solo, duo, trio. 



and quartet hydrogens (C„ < 32) iHony et al.ll200ll ). In contrast with the bands in the 5 to 
9 yum CC stretching and CH in-plane bending region, the intensities of the CHoop bands for 
the cations, anions, and neutral PAHs are similar. While this parallels the intensity behavior 
in the spectra of the compact, symmetric PAHs discussed in Paper I, the similarities stop 
there. Since these irregular PAHs contain varying amounts of solo, duo, trio and quartet 
hydrogens while the compact PAHs contain only solo and duo hydrogens, the spectra are 
quite different and variable. 

For these PAHs, the CB.oop band for the solo hydrogens falls between 10.983 and 11.206 
/im for the neutral forms, between 10.833 and 11.088 ^m for the cations, and between 11.141 
and 11.530 /im for the anions. Within each charge group, the peak position tends to shift 
to slightly longer wavelength with increasing PAH size. As shown in Figure EJ these all fall 
within the range expected for solo edge hydrogens. 

Because of the edge variations in this sample, only one molecule, C90H30, has solo and 
duo hydrogens exclusively. Its spectrum is similar to that of C96H24 and the compact PAHs 
considered in Paper I, molecules which have only solo and duo hydrogens. Although both 
isomers of C102H26 have solo, duo, and trio hydrogens, their spectra are surprisingly different 
between 11.5 and 14 /im, the region associated with duo and trio CH^^p vibrations. While 
the and C2/1 forms have 12 and 8 duo hydrogens respectively, the C2,, isomer has a 
prominent band in the duo region in all charge forms while the C2h isomer shows only a 
weak feature. C110H30, on the other hand, has comparable numbers of solo, duo, trio, and 
quartet hydrogens. The double-humped broad bands centered near 13 jjm in the spectra 
of the cation and neutral forms are produced by overlapping duo, trio, and quartet bands. 
These apparently fall closer together in the anion, producing a broad, three peaked band 
centered near 13.2 fim. These vibrations in C110H30 are discussed further in the following 
paragraph. C120H36 has only solo and quartet hydrogens, giving rise to two prominent bands 
falling in the regions expected for these CHoop vibrations. Note that the bands at 9.5, 10.2, 
and 10.6 /xm in C120H36 are all related to CC stretching vibrations and deformations of the 
benzene rings containing the quartet hydrogens. One sees a hint of them in C110H30 which 
also has quartet hydrogens. 
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Wavelength (nm) 

Fig. 7. — Decomposition of the CHoop spectrum of C110H30. a) The spectrum when all solo, 
duo, and trio hydrogens are replaced by deuterium, b) The spectrum when all solo, duo, and 
quartet hydrogens are replaced with deuterium, c) The spectrum when all trio and quartet 
hydrogens are replaced with deuterium, d) The spectrum when all solo, trio, and quartet 
hydrogens are replaced by deuterium, e) The spectrum when all duo, trio, and quartet 
hydrogens are replaced with deuterium, f ) The spectrum of the fully hydrogenated species. 
Note that these spectra are plotted on the same intensity scale and hence can be directly 
compared with each other. 
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To gain more insight into these vibrations, the CHoop modes for C110H30 were compu- 
tationally separated. C110H30 was chosen because it has comparable numbers of solo (8), 
duo (8), trio (6), and quartet (8) hydrogens. The resulting spectra are shown in Figure [71 
The lowest spectrum is that of the parent while the others correspond to cases in which 
some of the hydrogen atoms have been converted to deuterium atoms. When all but the 
solo hydrogen atoms are changed to deuterium atoms (i.e. only solo H atoms remain), the 
solo peak is very close to its position in the parent, but has lost some intensity. In the case 
in which only duo hydrogen atoms are present, the strong duo peak falls at ~12.2 /im and 
is shifted from its position in the parent which is presumably responsible for the 12.6 fim 
peak in the parent spectrum. This spectrum looks very much like that of C84H24, which has 
only duo hydrogens. In the case in which both solo and duo hydrogens are present on the 
Clio structure ('solo+duo H'), the coupling of these hydrogen modes is clearly visible, with 
the duo band shifting to longer wavelength and losing intensity to the solo hydrogen band. 
Converting all but the trio or quartet hydrogen atoms to deuterium atoms ('only trio H' or 
'only quartet H') shows that the trio and quartet modes exhibit a set of weaker bands which 
overlap. There is also some overlap with the duo band if the duo bands are shifted to longer 
wavelength due to solo-duo coupling. 

This analysis shows that the duo band falls near 12.2 //m when duo hydrogen vibrations 
are uncoupled from solo bands. While the quartet bands are not significantly coupled to the 
other bands, there is some coupling between the duo and trio bands. This coupling is 
responsible for the small shift in the duo band observed in solo-|-duo H's (Fig. [7t) compared 
with that in all H case (Fig. [7f ). As this coupling is smaller than the solo-duo coupling we do 
not consider it in detail. We should note that in C110H30 the trio H's are adjacent to the duo 
hydrogens, while in other structures they can be adjacent to solo hydrogens, so the coupling 
between duo and trio hydrogens can be system dependent. Nevertheless, this might offer 
the possibility of identifying PAHs containing duo hydrogens and the charge on the PAH. 
However, as discussed above, duo bands are shifted to, and overlap with, the red edge of the 
trio and quartet bands due to coupling with solo hydrogens. This work suggests that bands 
at 13 /im and longer wavelengths are due to trio and quartet hydrogens, implying that it 
will be very difficult to separate these two types of hydrogens. In addition, a comparison 
of the two C102H26 species shows that the trio and even the duo band intensities can vary 
greatly depending on the specific structure of the PAH. 



-27- 



3. Astrophysical Implications 



The spectroscopic properties of tlie large irregular PAHs presented in Sect. |2]are now 
combined with earlier studies and applied to astronomical observations. Before using the 
fundamental IR spectroscopic properties of PAHs to analyze the major astronomical emis- 
sion features, it is important to note that they arise from highly vibrationally excited PAHs 
whereas DFT computations provide harmonic frequencies of vibrationally relaxed molecules, 
essentially at K. To compare IR emission spectra with these fundamental frequencies, one 
must take two aspects of the molecular physics of the emission process into account. First, 
as discussed in Sect. ^ the transitions must be given bandwidths that are consistent with 
the natural linewidths of the emission process. Second, since a small redshift is intrinsic to 
the emission process, a similarly sized redshift must be applied to the theoretically computed 
and experimentall y measured abso rption spectra. This redshift arises from a sequence of dif- 
ference bands (e.g. lHerzberglll945l ). There have been a number of experimental studies which 



measure this redshift as PAHs are raised above their ground vibrational levels. Some have 
measured the shif t in peak position of the major absorption bands as a function of PAH sam- 



ple temperature (IFlickinger fc WdowiakI 119901 : iFlickinger et al.l Il99ll : IColangeli et al.l Il992 



Joblin et al.lll995l ) while others have measured the emission from highly vibrationally excited, 
individual PAH molecules in the gas phase (|Cherchneff fc Barkerl 1 19891 : iBrenner fc Barker 
19921 : IWilliams fc Leonelll995l : ICook fc Saykallylll998l ). mimicking the astronomical situation. 



In the astronomical environments, the emission originates from a collection of vibra- 
tionally excited PAHs. Each species is at a different level of excitation, depending on the 
energy of the absorbed photon which initially excited the molecule and the time since that 
absorption when the molecule can relax via emission of IR photons in the fundamental bands. 
It is far beyond the scope of this paper to treat this process in any detail and apply these 
corrections to the spectra. Rather, we follow what has been standard practice in such analy- 
ses and adopt an average and approximate value of 15 cm"^ for the redshift that arises from 
sequence bands. While there is some uncertainty associated with this approach, it i s not 
large. For example , part of the gas phase emission studies by lBrenner fc Barkerl (119921 ) and 
Williams Sz Leond (Il995l ) included the small bicyclic PAH naphthalene (CioHg). In these 
studies, CioHg was highly vibrationally excited by 40,800 cm~^ photons and emission from 
the CH stretch feature near 3.3 /im (3000 cm~^) measured as a function of time after ex- 
citation. In both cases a redshift of some 25 to 30 cm~^ is observed within microseconds. 
This quickly collapses as the molecules relax by emitti ng IR photons, and appe ars to be on 
the order of 10 cm~^ 38 microseconds after excitation. IWilliams fc Leond (119951 ) discuss the 
magnitude and origin of this sequence band redshift in detail. Since naphthalene is at least 
5 times smaller than the PAHs thought responsible for the astronomical emission features 
and the heat capacity goes roughly as 3 times the atom number, adopting a 15 cm~^ red- 
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shift seems a reasonable approximation. Clearly, there is some uncertainty associated with 
applying the same 15 cm~^ redshift to all the features, however, given that the FWHM of 
the astronomical bands is on the order of this shift or larger, as with the assumed band- 
width discussed in Sect. U\ these idealized spectra can be useful in better understanding the 
observed astronomical spectra. 

For the purposes of the analyses presented here, we present a size range for the PAHs 
that are the strongest cont ributors to the emission in each wavelength range. These ranges 



are taken from the work of ISchutte et al.l (119931 ) who derived a model to describe the PAH 



emission process from first principles. This model was developed when PAH mid-IR spec- 
troscopy was essentially unexplored, the molecular physics of the emission process largely 
untested, and years before ISO and Spitzer were launched. It is time for a new model, one 
which includes a modern assessment of the sizes of the species that dominate the emission 
in each wavelength regime. This caveat should be kept in mind throughout the following. 

The top row of Figure [8] shows the average synthetic spectra of the large irregular PAHs 
considered here while the bottom row reproduces the average synthetic spectra for the large 
compact PAH shown in Figure 6 of Paper I. These data provide a deeper insight into the 
nature of the astronomical PAH population and place tighter constraints on the molecu- 
lar structures than previously possible. The insight gleaned from each vibration specific 
wavelength region will be discussed in turn, followed by a summary (Sect. 13.41) in which all 
constraints are drawn together. There is a rich literature on the mid-IR spectroscopy of 
the PAH emission features in each wavelength region discussed below. A doorway into this 
literature is provided by the summary reference in the lead paragraph of each section. 
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Fig. 8. — The average synthetic absorption spectra for the cation, neutral, and anion forms of 
the large irregular PAHs considered here (panels a, b, c; C96H24 is not taken into account for 
the average) compared with the average spectra of the large compact PAH cations, neutrals, 
and anions treated in Paper 1 (panels d,e,f). To guide the eye, dotted lines at 3.27, 6.3, 7.7, 
8.6, 11.0 and 12.8 fj,m are also shown. 
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3.1. The CH stretching vibrations (2.5-3.5 /iin) 



A detailed analysis of the a stronomical features produced by the aromatic CH stretching 
{CUstr) vibrations was given by Ivan Diedenhoven et al.l (120041 ). These authors compared the 
astronomical data with a sample of laboratory and theoretical data comprised of over 100 
small neutral and cationic PAHs (C< 40), a few larger PAHs, and 27 small PAH anions. 
In Paper I, this analysis was extended to include the spectra of large, symmetric, compact 
PAHs. Here we add the spectroscopic properties of the large irregular PAHs presented in 
Sect. O 
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Fig. 9. — Comparison of the astronomical emission feature from NGC7027 (class A3.3) with 
the range in peak positions of the CH stretch in various PAHs. The striped, narrow grey 
feature in the spectrum of NGC 7027 is the Pf6 line. The PAH data are redshifted by 15 
cm~^, a shift which is intrinsic to the emission process (see discussion in Sect. [3] for details). 
The connected, filled circles indicate the range of the CH stretch in the large irregular PAHs 
considered in this paper (excluding C96H24). Note that the bay and non-bay CH stretch 
positions (in red and blue respectively) are represented separately for the large irregular 
PAHs. The connected, filled diamonds indicate the range of the CH stretch in the large 
compact PAHs considered in Paper I. The CH stretching modes for the smaller PAH sample 
described in Sect. 13. H is represented by the connected open squares. Here, no distinction has 
been made between bay and non-bay Hs in the spectra of small PAHs. 



- 32 - 



The differences in tlie CHgtr features of irregular PAHs versus tliose of compact PAHs 
(shown in Figure [8^ and [Hli) are striking. In spite of the similarity in the behavior of the 
bands arising from the non-bay CH stretches in the irregular PAHs to those in the compact 
symmetric PAHs, the prominence of the CHgtr bands associated with bay regions alters the 
entire appearance of the spectrum. Figure [9] compares the 3.29 ^m astronomical emission 
feature from NGC 7027 with the range in the CHgtr peak positions for the cation, neutral, 
and anion forms of the PAHs in the three different samples. For the smaller PAH sample 
(Ivan Diedenhoven et al.l l2004j ) . only the peak position of the strongest emission band is 
considered, irrespective of its origin in non-bay or bay Hs. It is clear that the peak positions 
for the large compact PAHs (filled diamonds) fall in a much narrower region than do the peaks 
produced by the handful of large irregular PAHs considered here (filled circles) or the sample 
comprised of small PAHs (open squares). Upon recognition of the influence bay regions have 
on the CB.str peak positions in large irregular PAHs, we reviewed the experimental spectra 
in the sample of the small PAHs. As with the large irregular PAHs, the CHgtr in small PAHs 
depends on the presence or absence of bay regions. For example, the dominant feature in the 
CB.str region of the small, three-ring PAH phenanthrene (C14H10), which has a bay region, 
is broad and structured with a FWHM of about 60 cm~^. In contrast, the main band in 
the CB.str region of the three ring PAH anthracene, which does not have a bay region and 
is positioned at similar wavelengths, is much simpler, and has a FWHM of about 13 cm^^. 
Likewise the feature in the bay region containing four ring PAH benzanthracene (C18H12) 
has a FWHM between 50 and 55 cm~^ while that in the spectrum of the non-bay region 
containing 4 ring PAH Pyrene, centered at similar wavelengths, has a FWHM of less than 20 
cm~^. Likewise, the theoretical data of the smaller PAH sample show the same dichotomy 
between bay and non-bay Hs as seen in the large irregular PAHs. 

The data listed in Table [1] and the information conveyed in Figures [8] and [9] place sev- 
eral important constraints on the astronomical PAH population. First, these data show 
that, while the bulk of the astronomical 3.28 fim band is carried by neutral and negatively 
charged PAHs, cations can also contribute significant intensity to this band. One can roughly 
estimate the relative contributions of each charge state by assuming that all emission ob- 
served at the average peak wavelength for non-bay CH stretching emission of PAHs in a 
given charge state is only emitted by PAHs of this given charge state. For example, the 
average peak wavelength for non-bay CH stretching emission for the cations presented in 
this paper is at ~3.25 //m. The cationic contribution can then be estimated by the ratio of 
the intensity observed at this wavelength (which takes a redshift of 15 cm~^ into account) 
in the continuum-subtracted spectrum of, for example, NGC 7027 to the average intrin- 
sic intensity per CH stretch (I(CH)) for non-bay hydrogen atoms for these cations. The 
average intensity per CH stretch (I(CH)) for non-bay hydrogen atoms in the PAH cations 
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listed in Tabled] is 26.5km/mol. By determining the ratio of the CUstr for the neutral and 
cations, one can estimate the contribution of each charge state to the 3.3 fim band. For 
the spectrum of NGC 7027 shown in Fig. [HI the cation to neutral ratio is then estimated 
to be ~0.90. Given that the observ ed differences in the 3.3 fim PAH profile are relatively 
small (Ivan Diedenhoven et al.ll2004j ). this ratio holds for most astronomical objects. Thus, 
nearly equal amounts of CHgtr modes from cations and neutral PAHs can contribute to the 
3.3 /im band. Given that the absolute intensity per CH stretch for neutral PAHs is about 
twice that of the cations, neutral PAHs will dominate the total flux contributed by this 
two species. Similarly, t he anion to neutral ratio is est imated to be ~ 0.70. This modifies 
the earlier conclusion in Ivan Diedenhoven et al.l (120041 ) and paper I that cations could be 
excluded as a major contributor to this feature, and argues against an origin of the 3.28 
fim band exclusively in neutral PAHs as commonly claimed in the astrophysics literature, 
a conclusion based on correlations with the 11.2 /im band and earlier laboratory data of 
small PAHs. If the redshift due to the difference bands is 30 cm~^ instead of 15 cm~^, the 
cation to neutral ratio is 1.5 and the anion to neutral ratio is 0.5. Hence these ratios clearly 
depend on the assumed redshift. However, this does not change the conclusions. Second, 
as proposed in Paper I, the small separation between the prominent (non-bay) CH^jr peak 
positions for the neutral an d anion compact PAH forms suggests that the Type 1 and Type 
2 band p rofiles identified bvlTokunaga et al.l (Il99ll ) and referred to as the A3.3 and B3.3 band 
types by Ivan Diedenhoven et al.l (120041 ) may reflect the relative amounts of neutral/cationic 
and anionic PAHs producing the blended feature. Third, since the smalles t members of 



the a s tronomical PAH populat ion dominate the emission in the 3 /tm region (ISchutte et al. 



1 



19931 : lAUamandola et al.l Il989l ) and hydrogen atoms spanning bay regions produce a dis- 



tinct feature peaking between about 3.21 and 3.23 /im, one can place an upper limit on 
the relative number of bay to non-bay hydrogens in these PAHs thereby constraining the 
overall structures of the smallest astronomical PAHs. Disregarding the values for C90H30, 
the very unusual species for which the bay hydrogens are internal to the hexagonal carbon 
atom network (Figure 1), the average intensity per CH stretch (I(CH)) for bay hydrogen 
atoms listed in Table [1] are 24.5, 32.2, and 52.3 km/mol for the cations, neutrals, and anions 
respectively. The corresponding average intensities per CH stretch for the non-bay hydrogen 
atoms in the irregular PAHs are 21.6, 34.6, and 54.5 km/mol and those for the comparably 
sized compact PAHs considered in Paper 1 are 26.5, 40.7, and 64.4 km/mol. This shows the 
intrinsic intensities of the bay and non-bay CH stretching bands are roughly the same. Thus, 
the ratio of non-bay hydrogens to bay hydrogens in the astronomical PAH population can be 
estimated from the ratio of the peak intensity of the continuum subtracted 3.3 /im feature to 
the residual above this continuum at 3.23 and 3.24 /im respectively for neutrals and anions 
(applying a 15 cm~^ redshift). From the spectrum of NGC 7027 shown in Figure [HI the 
bay/non-bay hydrogen atom ratios for the anion and neutral cases are about 0.12 and 0.09 
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respec tively. Given that the observ ed differences in the 3.3 /im PAH profile are relatively 
small (Ivan Diedenhoven et al.ll2004l ). this ratio holds for most astronomical objects. Hence, 
these low ratios imply that ~90% of the PAH emission in the 3 //m region comes from PAHs 
with non-bay, aromatic edge structures. This value decreases to ~75% if a 30 cm~^ redshift 
is taken. This observation forces one to conclude that the vast majority of astronomical 
PAHs responsible for the emission in the 3 /im region are compact - not irregular, elon- 
gated or bent. Given that emission in the 3 /um region samples the smallest members of the 
PAH population, this requirement for a PAH population dominated by compact structures 
must hold for the very smallest members of the population. This limitation of bay regions 
to less than 10% of the edge structures on the smallest members of the astronomical PAH 
family limits the number of species responsible for the 3.3 //m feature to a handful, a point 
considered further in Sect. 



3.2. The CC stretching and CH in-plane bending vibrations (5-9 /im) 



The astronomical emission bands arising from PAH CC stretching {CCstr) and CH in- 
plane (CHjp) bending vibrations were dis cussed in grea t detail and analyzed with a dataset 
similar to that described in Sect. 3.1 by iPeeters et al.l (l2002al ). In Paper 1, this work was 
expanded to include large, symmetric, compact PAHs. Here this is extended to incorporate 
the spectroscopic properties of the large, irregular PAHs described in Sect. 12.21 

Figure [8)d shows the average spectra of the different charge forms of the irregular PAHs in 
the 5 to 9 //m region and Figure [8^ shows the corresponding spectra for the large compact 
PAHs presented in Paper I. Overall, the spectra in the CC stretching and CH in-plane 
bending region resemble one another, in sharp contrast with the striking differences between 
the bands in the CB.str region (Figs. [8^ and [Hi) and CHoop region (Figs. [8t and[8]F). Figure [TO] 
compares the emission spectra from the HII region IRAS 23 133-1-6050, the post-A GB star 
the Red Rectangle and the [WCIO] PN He2-113 as studied bv lPeeters etaP J2002ah to three 
different collections of PAH spectra: the average spectrum produced by the large irregular 
PAHs computed here, the average spectrum of the large compact PAHs described in Paper 
I, and an earlier 'best fit' average mixture of small PAH^'. 



^The composite spectrum of 11 PAHs consists of 22% neutral coronene (C24H12); 19% 3,4;5,6;10,11;12,13- 
tetrabenzoperopyrene cation (CagHj^g); 15% coronene cation (€2411^2); ''"^ dicoronylene cation (C48HJq); 7% 
benzo[b]fiuoranthene cation (C2oH^2); ''"^ benzo[k]fl uoranthene cation (C2oHf2); '''^ neutral naphthalene 
(CioHg); 4% naphthalene cation (CioH^); 4% phenanthrene cation (Ci4H^q); 4% chrysene cation (CisH^g); 
4% tetracene cation (CisHj^j)- 
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The prominent bands near 6.3 fim in the spectra shown in Figs. [8]d and [8^ originate in 
CC stretching vibrations. As shown in the figure, the behavior of these bands in the spectra 
of the irregular PAHs is similar to that for the compact PAHs. In both cases, the anion 
and cation bands overlap, with the anion feature a little weaker than and slightly to the 
blue of the cation band. The CCstr peak falls close to 6.4 /im in all of these large irregular 
PAHs, behavior that is consistent with all previous work on PAH spectroscopy. However, as 
can be seen in Figure [TOl this cannot account for the peak position of the Class A 6.2 fim 
astronomical band. This inability of the CCstr in pure PAHs to match the Class A band 
has lead to the suggestion that astronomi cal PAHs contain internal nitrogen atoms (PANHs, 



Peeters et al.ll2002al : iHudgins et al.ll2005l ). The new data on irregular PAHs reinforces that 



suggestion. 

As with the compact PAHs considered in Paper I, some irregular PAH cations and 
anions also have a minor feature between 6.7 and 6.8 /im. A weak interstellar feature has 
been detected close to this position near 6.8 to 6.9 /im and has generally been attributed 
to CH deformations in aliphatic side groups on PAHs. Figures [8b and [8^ show that PAHs 
without aliphatic components have bands in this region, removing the necessity to invoke 
these groups to account for this band. As discussed in Sect. 12. 2[ while this band is strong in 
the spectrum of some neutral PAHs, it can be neglected since the spectra of the cations and 
anions are so much stronger. 
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Fig. 10. — Astronomical PAH emission spectra from 5 to 15 /im compared with the spec- 
tra of PAH mixtures. Shown are the scaled, continuum subtracted, ISO-SWS spectrum of 
IRAS 23133+6050 representing class A PAH profiles (top); the scaled continuum subtracted 
ISO-SWS spectrum of the Red Rectangle, representing class B PAH profiles (second); the 
scaled continuum subtracted ISO-SWS spectrum of the PN He2-113, representing slightly 
red-shifted class B PAH profiles to illustrate possible variations within class B in this wave- 
length region (third) ; the average spectrum of the large irregular PAH cations, neutrals and 
anions considered here (fourth); the average spectrum of the large compact PAH cations, 
neutrals and anions from paper I (fifth) ; and the composite absor ption spectrum genera ted 
by co-adding the individual spectra of 1 1 PAHs, reproduced from IPeeters et al.l (l2002al see 
text for composition, bottom). A redshift of 15 cm~^, intrinsic to the emission process, has 
been applied to the positions of the large and small PAH spectra (see discussion in Paper 
I for details). To guide the eye, dotted vertical lines are also shown at the positions of the 
major astronomical bands at 6.3, 7.7, 8.6, 11.2 and 12.7 /xm. 
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Moving now to the prominent bands peaking near 7.7 jjm, one is struck by the somewhat 
similar profiles and close overlap between the features produced by each charge state of the 
irregular PAHs (Figure (Hb). As is the case for the large compact PAHs, the average anion 
peaks about 0.1 ^m to the red of the average cation peak. This does not hold for the 6.2 //m 
region, where the anions are blue-shifted compared to the cations by a very small amount. 
The overall impression is that the main feature in all charge states of the irregular PAH 
spectra is broader than that for the compact PAHs. However, this is largely due to the lack 
of a sharp drop on the long wavelength side of the band in the spectra of the irregular PAHs. 
The CHjp bending vibrations which are the modes responsible for the distinct 8.6 fim feature 
in the spectra of compact PAH cations and anions (Figure [U^) produce bands that are weaker 
than their counterparts in the compact PAH spectra. These bands are also blue-shifted by 
one to two tenths of a micron in the irregular PAHs and blend with the strong bands that 
form the 7.8 fim feature, producing the long wavelength wing. This shifting occurs because 
the irregular edge structures of these PAHs impose variation in the vibrational force field 
along the edge of the molecules. Given that the modes which produce bands longward of 
8 fim involve a CH vibration, slight shifting of these band's fundamental frequencies in 
any given molecule with different edge structures is expected. The absence of a distinct 
band near 8.6 /im due to the CHjp bend in these irregular PAHs is consistent with the 
conclusions drawn from the CHgtr band discussed in Sect. 13. ![ that compact PAH structures 
are required to account for the distinct astronomical feature observed in both regions. Some 
edge irregularities can be invoked to account for the spectra from those objects which do 
not have a prominent 8.6 ^m band on the long wavelength wing of the 7.7 fim feature, but 
these must be associated with somewhat larger PAHs than those which contribute most to 
the emission at 3 fim. 

Perusal of Figure [10] shows that the astronomical spectra from 5 to 9 /im may be 
accommodated by emission from PAH populations that includes both small and large PAHs. 
This is discussed further in Sect. 13.41 where the constraints from the other spectral regions 
are also considered. 



3.3. The CH out-of-plane bending vibrations (9-15 /im) 



A careful analysis of the astronomical fe atures produced by the aromatic CRoop bending 
vibrations was given by iHony et al.l (120011 ). This was based on the experimental study 
of 20 PAHs (CioHg to C32H14) whi ch sampled the different types of edge structures and 
hydrogen adjacency classes possible (IHudgins fc Allamandolalll999l ). This was expanded to 
incorporate the spectroscopic properties of large compact PAHs in Paper I and here we 
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include the properties of the large irregular PAHs presented in Sect. 12.31 The PAH features 
in the CRoop region originate in solo, duo, trio, and quartet hydrogens. As shown in Sect. 12. 3[ 
with the exception of the duo hydrogen bands, the regions in which the CHoop vibrations 
fall for the different types of adjacent hydrogen atoms in large irregular PAHs are consistent 
with those in earlier studies. 
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Fig. 11. — Astronomical PAH emission spectra from 10 to 15 /im compared with the average 
spectrum of very large, compact PAHs (paper I) and the average spectrum of very large 
irregular PAHs (this paper) for both the neutral and anionic state. Shown are the continuum 
subtracted IR spectrum of the planetary nebula NGC 7027 (top); the continuum subtracted 
IR spectrum of the H Ilregion IRAS 18317-0757 (second); the average spectrum of the 
neutral large PAHs considered in this paper and paper I (third); the average spectrum of 
the large PAH anions considered in this paper and paper I (fourth); and updated ranges 
for the CHoop bending modes based on the spectra of large PAHs presented here and in 
Paper I (bottom). The data in the lower three frames have been redshifted by 15 cm^^ to 
correct for the wavelength shift between the absorption and emission process (see discussion 
in Sect. [3] for details). Note that for the astronomical sources, a [Nell] fine-structure line 
emission was removed by fitting a Gaussian profile to the line with a FWHM corresponding 
to the instrumental resolution. 
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Figure [Ht shows the average spectra of the different charge forms of the large irregular 
PAHs in the 9 to 15 fim region and figure [8]f shows the corresponding spectra for the large 
compact PAHs presented in Paper I. The large spectral differences between the spectrum 
in the CB.oop region associated with compact PAHs versus those associated with irregular 
PAHs are both striking and expected. All the species in the compact PAH sample contain 
only solo and duo hydrogens whereas the irregular PAH sample contains solo, duo, trio, 
and quartet hydrogens. Figure [11] compares the emission spectra from the planetary nebula 
NGC 7027 and the HIT region IRAS 18317-0757 to the average spectrum of irregular and 
compact neutral PAHs, and the average spectrum of irregular and compact PAH anions. 
The bottom frame of Figure [TT] shows the CB.oop regions characteristic of solo, duo, trio, and 
quartet hydrogens that are based on the spectra of the large PAHs considered here and in 
Paper I. These updated values supersede those shown in Fig. E] which are appropriate for 
PAHs comprised of fewer than 32 C atoms. 

The sp ectra in Figure [TT show the extremes in the 11.2/12.7 PAH band intensity ratios 
reported by lHony et al.l (120011 ). The weak 11.0 fim astronomical band evident in the spectra 
of both objects is not reproduced in the PAH data since these spectra are of neutral and neg- 
atively charged species and the astron omical band has been attributed to positively charged 



PAHs ( iHudgins fc Allamandolalll999l ). The bands at 13.5 and 14.3 iJ,m in the astronomical 



data are assigned to CB.oop bends that arise from quartet and quintet hydrogens respectively 
f lHonv et al.lboOlh . While these astronomical bands are absent in the compact PAH spectra 



because they contain only solo and duo hydrogens, a counterpart to the 13.5 fim astronomi- 
cal band is evident in the average irregular PAH spectrum because these do contain quartet 
hydrogens. However, since they don't contain quintet hydrogens, their spectra do not have 
a feature near 14.3 /im. 
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Table 4: Representative band strengths (km/mol) for different hydrogen adjacency classes 
in PAHs. See Section 13.31 for details. 



Large PAHs 


Cation 


Neutral 


Anion 






solo 




irregular*^ 


19.1 


19.4 


23 


compact^ 


24.9 


25.5 


27.0 






duo 






duol duo2 


duol duo2 


duol duo2 


irregular*^ 


3.8 11.4 


4.4 10.2 


3.8 9.2 


compact^ 


5.7 2.6 


4.2 3.2 


3.7 5.1 






trio 




irregular^ 


5.4 


5.4 


8.6 


compact^ 


no trios 


no trios 


no trios 






quartet 




irregular^ 


9.6 


9.1 


13.1 


compact*^ 


no quartets 


no quartets 


no quartets 



^ Values determined by dividing the intensities of the band corresponding to the appropriate 
hydrogen adjacency class listed in Table [3] by the number of hydrogen atoms in the cor- 
responding class. Then, taking the average of these for all large irregular PAHs. Values 
determined by averaging the per CH intensities listed in Table 4, Paper I, for the 5 PAHs 
ranging in size from C78H22 to Ci3oH28. 
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As described in iHony et al.l (120011 ) , the intensities of the astronomical CB.oop emission 
bands corresponding to each hydrogen adjacency class can be used to estimate the relative 
amounts of th ese edge structure s in the astronomical PAH population. Here, the earlier 
conclusions of iHony et al.l (120011 ) are reevaluated based on the new information contained 
in the spectra of compact PAHs from Paper I and the irregular PAHs considered here. The 
average intensity of each CHoop mode, per CH, for each hydrogen adjacency class has been 
determined for the irregular PAHs. These are listed in Table H] where they are compared 
with the corresponding values for the large compact PAHs from Paper I. We restrict the 
remainder of this analysis to the spectra of the large PAHs presented here and in Paper I 
since these are comparable in size to those which dominate the astronomical emission in this 
wavelength range. The behavior of the intensities corresponding to each adjacency class can 
be summarized as follows. 



Solo hydrogens Two conclusions can be drawn from the intensities of solo hydrogens 
listed in Table HI First, solo CHoop band intensities are two to ten times greater than those 
for the other types of hydrogen adjacency classes. Second, an integrated band intensity of 
about 22 km/mol seems to hold for all large PAHs studied to date regardless of charge state 
or size. 



Duo hydrogens The situation regarding the duo hydrogens is not as straightforward. As 
discussed in Paper I, for PAHs with more than duo hydrogens, the duo band splits into two 
components, labeled duol and duo2 in Paper I, and listed as such here in Table HI This 
is the case for most PAHs. The integrated intensities of the duol bands in Table H] are all 
close to 4 km/mol, regardless of charge, structure, or size. This band is 5 to 6 times weaker 
than the solo band and generally falls between about 11.3 and 12.3 /im. In contrast, the 
integrated intensities of the duo2 bands differ between factors of about 2 to 5 between the 
large compact and irregular PAHs. Given the entries in the table, a representative value for 
the duo2 band of about 5 km/mol seems reasonable. The duo2 band falls between about 
12.3 and 12.8 /xm in the large irregular PAHs considered here and between 12.5 and 13.2 
/zm in the compact PAHs treated in Paper I. 



Trio hydrogens The integrated band intensities for the trio modes in neutral and posi- 
tively charged irregular PAHs are about 5 km/mol, a value again some 4 to 5 times weaker 
than that for the solo band. The anion band strength is higher. The trio band falls between 
12.9 and 13 fim in the different charge states of the two PAHs with trio hydrogens in the 
large, irregular PAH sample. 
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Quartet hydrogens The integrated band strengths for the quartet modes in the large 
irregular PAHs considered here do not show much variance. The entries in Table H] suggest 
that an integrated band intensity of about 10 km/mol can be taken as representative for 
quartet hydrogens. The quartet hydrogen band falls between 13.1 and 13.4 /im in the large 
irregular PAHs. 

The representative hydrogen adjacency class band strengths discussed above are sum- 
marized in Table O 
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Table 5: Representative band strengths (km/mol) for different hydrogen adjacency classes 
in neutral PAHs. See Section 13.31 for details. 



Solo Duo Trio Quartet 
22 4 (1)^ 5 (2)'^ 5 10 



"(1) and (2) indicate duol and duo2 band values. 
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As described in lHony et al.l (120011 ) . Sect. 5, one can derive the types and sizes of inter- 
stellar PAH structures in the emission zones by analyzing the peak positions and integrated 
band strengths of the astronomical features with theoretical and laboratory data such as 
given in Tables H] and O Summarizing, this is accomplished as follows. From Table one 
obtains the per hydrogen band intensity ratios of the sol o-to-duo 1, so l o-to-t rio, and solo-to- 
quartet hydrogen bands of 5.5, 4.4, and 2.2 respectively. iHony et al.l (120011 ) derived similar 
solo-to-duo (6.2) and solo-to-quartet (2.1) ratios, but a nearly 50% lower solo-to-trio ratio 
(2.6) because the overlap of the duo2 band with the trio band was not known at the time. 
Next, the corresponding ratios for the astronomical bands are derived from the observations. 
The observed intensity ratios are then converted to the relative number of hydrogen atoms 
in each adjacency class with the data in Tables H] and O Finally, from the number of hy- 
drogen atoms in each adjacency class, one can derive the number of the different PAH edge 
structures or groups that produce the solo, duo, trio, and quartet bands in the astronomical 
spectra. 



The conclusions in iHony et al.l (120011 ) regarding the relative numbers of different edge 
structures on astronomical PAHs should be slightly revised. As described above, the spec- 
troscopic properties of large compact and irregular PAHs show that only about half of the 
intensity in the 12.7 iJ,m emission band can be attributed to trio hydrogens. Thus the ratios 
of different edge groups presented in TableHlof lHony et al.l (120011 ) . should be halved. Table [6] 
is the updated version of their table which presents the ratios of the various edge groups on 
the astronomical PAH populations in NGC7027 and IRAS 18317. Fig. [T^ shows example 
structures that correspond to these ratios. These structures will be considered further in the 
next section where the constraints from the entire emission spectrum are taken into account. 
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Fig. 12. — Examples of large PAH structures implied by the 10-15 iim spectra of NGC 7027 
(top) and IRAS 18317 (bottom). Two possibilities of structures, one being the combination 
of three structures (a,b,c), are shown for NGC 7027. 



-47- 



Table 6: Relative number of solo, duo, trio, and quartet groups in NGC 7027 and IRAS 18317- 
0757. As discussed in Se ction 3.3, these entries are updated from the values listed in Table 
4 from IHouv et al.l J200l[ l. 



Solo/Duo Solo/Trio Solo/Quartet 
NGC 7027 7.7 9.2 28.5 

IRAS 18317 3.4 1.6 10.2 
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3.4. Tying it all together — Important implications for the astronomical PAH 

population 

Here we bring the spectroscopic properties of the dominant PAH features together to 
place constraints on the overall astronomical PAH population. The general properties of 
PAHs responsible for the individual emission features are shown in Fig. [131 



The 3.29 fim Feature We start by considering the species that dominate the small end of 
the astronomical PAH population, i.e. those species that produce the 3.29 fim band. More 
than 80% of the emission of this band, which originates in the CH,;;;^., is tho ught to come 
from PAHs containing between about 30 to 70 C atoms ( ISchutte et al.lll993l ). The narrow 
range in observed peak position coincides with those from neutral, cationic, and anionic 
PAHs. Neutral and cationic species like ly contribute more to the Type 1 or A3. 3 band an d 
anions more to the Type 2 or B3.3 band (jTokunaga et al. 1991 : van Diedenhoven et al. 2004). 
Further, our best estimate suggests that less than ~10% of these PAHs contain bay regions, 
though this changes to less than ~25% when a 30 cm~^ redshift is applied. Nevertheless, 
this immediately forces one to conclude that the smallest astronomical PAHs have overall 
molecular geometries and edge structures that are very similar to the compact, regular PAHs 
described in Paper I. 



The 5 — 9 /im Features Next, we move on to PAHs which are slightly larger, the species 
responsible for the dominant features in the 5 to 9 /im region. More than half of this 
emission originates in PAHs containing some 40 to 200 carbon atoms, but larger species 
comprising sev eral hundred carbon atoms can also contribute to the bands and plateaus 
in this region (ISchutte et al.l 119931 ). Consider first the strong emission band between 6.2 
and 6.3 /im. This prominent CCgtr feature is particularly revealing about the astronomical 
PAH population. As noted in Sect. 13.21 of all the pure PAHs and closely related species 
studied to date, only those that contain internal N ato ms can reproduce th e peak position 



of th e class A band, i.e. that which peaks at 6.2 /xm (jPeeters et al.ll2002al : iHudgins et al. 



20051 ) . Although Paper 1 and the discussion in Sect. 13. II to Sect. 13.31 above make it clear that 



negatively charged PAHs are important in determining the overall emission spectrum, the 
spectra of nitrogenated PAH anions were not previously considered. To explore the effect 
negative charge has on the spectra of nitrogenated PAHs, we computed the spectra of 3N- 
coronene (C23NH12) and 4N- and 5N-circumcoronene (C53NH18) with single nitrogen atom 
substitution. The peak position of the strong CCstr band corresponding to the cations and 
anions of these species, as well as their non-nitrogenated counterparts, are listed in Table [71 
Table shows that the addition of an electron to a nitrogenated PAH redshifts the CCstr 
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from class A to class B. This makes it clear charge determines the position of the 6.2-6.3 fim 
astronomical feature. This is in contrast with the pure large PAHs considered here and in 
paper I, where anions peak slightly to the blue of the cations. If born out by further study, this 
implies that the inter stellar PAH populatio n could well be comprised largely of nitrogenated 
PAHs as described in iHudgins et al\ l(200a) . with the relative intensities of the Class A band 
to Class B band directly reflecting the PAH cation to anion ratio. A thorough assessment 
of this suggestion requires knowledge of the IR spectroscopic properties of a wide range of 
nitrogenated PAHs, information which is currently unavailable. 
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Table 7: Computed positions of the dominant 6.2 /xm bands for a range of singly substituted 
nitrogenated PAHs and their parent compounds. 



Species 


Dominant 6.2 /im 




CCstr 


position 




Cation 


Anion 


Coronene (C24H12) 


6.442 


6.418 


3N-coronene^ (C23NH12) 


6.191 


6.252 


Circumcoronene (C54H18) 


6.365 


6.364 


4N-circumcoronene (C53NH18) 


6.223 


6.348 


5N-circumcoronene (C53NH18) 


6.204 


6.281 



"see lHudgins et al.l (|2005r ) for a description of this nomenclature. The values in this table are computed using 
higher precision and hence are slightly different from and supersede the previous values. 
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We now consider the 7.7 fim band. The results presented in earher sections and the 
spectra in Figure [TOl reinforce the conclusions drawn in Paper 1, namely that the astronomical 
7.7 fim band is produced by overlapping bands from a mixture of small and large PAH 
cations and anions, with "small" PAHs contributing more to the 7.6 /im component and 
large PAHs (C>~100) more to the 7.8 /im component. As also pointed out in Paper 1, and 
reinforced here, this implies that the variation in the peak position of the 7.8 /xm component 
may be related to the variation in the population of large PAH cations and anions since 
negatively charged large PAHs emit at slightly longer wavelengths than do the PAH cations. 
In this regard, it is interesting to note the following observational facts. First. iPeeters et al. 
(l2002al ) found a general correlation between the peak position of the 6.2 and 7.7 /im PAH 
bands. Hence, this is consi s tent w ith charge determining the peak position of both features. 
Second, iBregman fc Temil (120051 ) found a dependence of the 7.7 /im centroid with Go/ue, 
which determines the charge balance, in three reflection nebulae. These authors interpret 
this by either a charge variation (with the 7.85 //m band originating in anions and the 7.65 
/im band ori ginating in PAH cat ions) or a variation in the physical nature of the emitting 
PAHs. Third, iJoblin et al.l (120081 ) decomposed the mid-IR emission of planetary nebulae and 
HH regions into six components including a PAH population with a 7.9 /im band that was 
attributed to very large cations and/or anions on the basis of our Paper 1. 

Turning now to the region longward of 8 /im. Figures [Hb, [8^, and [10] show that 
only large compact PAHs can produce a distinctive band near 8.6 /im. Reiterating the 
conclusions drawn in Paper 1, the prominent bands from large compact PAH cations and 
anions overlap, with the anions contributing more strongly at slightly longer wavelengths. 
The data prese nted here and in Pap er 1, taken with the correlation between the 6.2, 7.7 and 
8.6 fim bands (IPeeters et al.ll2002al ). strongly suggest that the astronomical 7.8 /im feature 
and the 8.6 //m band originate primarily in compact, large cationic and anionic PAHs, with 
the specific peak position and profile reflecting the cation to anion ratio in any given object 
(Fig. [13]). Hence, this dependence on charge state for the 6.2, 7.7 and 8.6 /im bands is likely 
responsible for the o bserved relationship between the peak positions of these three bands 
dPeeters et aDl2002ah . 
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Fig. 13. — A qualitative representation of the size and charge of the PAHs producing the 
prominent emission features in the class A and class B objects represented by the Orion 
Bar (H2S1) and the Red Rectangle (HI ) 44179 ). The size ranges listed under each region 
are inferred from Fig. 9 of ISchutte et al.l (Il993l ). The contributions of different PAH charge 
states to each feature are careful approximations based on the work presented here and in 
Paper I. Note that contributions of neutrals to the 6.2 /zm band are certainly possible when 
considering PANHs (see Sect. 12.21). The spectrurn of the Orion Bar and the Red Rectangle 
were obtained with ISO-SWS (IKessler et al.lll996l : Ide Graauw et al.lll996l ). 
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The 10-15 /iin Features We end with the bands that are carried by PAHs that span 
a wide size range. While species with fewer than about 80 C atoms are predicted to con- 
tribute some 10 to 15% to the emission in these features, the bulk of the intensity is ex- 
pected to be carried by PAHs containing between about 80 to several hundred carbon atoms 
( ISchutte et al.l 119931 ) . Very large aromatic species with over 500 carbon atoms and extend- 
ing up to 3 000 C atoms could, in principle, carry as much as 20% of the total emission in 
this region (ISchutte et al.lll993l ). While it is difficult to imagine how such large individual 
PAHs could be readily formed under typical interstellar conditions, the presence of large 
PAH-related species such as PAH clusters and simple amorphous carbon particles within th e 
emission zones is likely ( lAUamandola et al.l Il989l : iRapacioli et al.l l2006l : iRhee et al.l l2007l ) . 
Clearly, the issue of the size range of the PAHs that contribute to the bulk of the emission 
in each wavelength region warrants reconsideration now tha t the spectroscopic p roperties of 
PAHs are so much better understood. The earlier work of ISchutte et al.l (119931 ) was based 
on generic PAH properties that were deduced from the astronomical emission spectra before 
any laboratory or computational PAH spectra were available. 



Honv et all (120011 ) have shown that the spectra of NGC 7027 and IRAS 18317 (FigureHI 



represent limiting cases of the 10 to 15 /im astronomical PAH features of their sample. 
Figures [8t, [8):, and [11], along with Table [6l place strong constraints on the structures of large 
astronomical PAHs. The large PAHs in objects showing the NGC 7027 type of spectrum have 
roughly ten times more solo than duo or trio hydrogens. At the other extreme, objects with 
the IRAS 18317 type of spectrum reflect a large PAH population with structures that are 
not as dominated by solo hydrogens, but still have more solo than duo or trio hydrogens. 
In both cases the contributions of edge rings that add trio hydrogens to the PAHs is small. 
Examples of PAH structures with solo/duo and solo/trio hydrogen ratios that produce the 
NGC 7027 and IRAS 18317 type of spectra are shown in Figure [T2l Clearly, the largest 
PAHs in the astronomical PAH population that produce emission features similar to those 
from NGC 7027 are dominated by compact structures with very regular edges. However, the 
structures of the large PAHs implied by the 10 to 15 /im spectra of objects with spectra 
similar to that of IRAS 18317 have irregular edges, and therefore more bay regions than 
deduced from their spectra in the 3.3 //m region. This difference in deduced edge structures 
arises because the features in these two regions originate from distinctly different portions of 
the astronomical PAH population in the same emission zone. The 3.3 /im band is dominated 
by PAHs containing between about 30 to 70 C atoms whereas the features betweenlO and 
15 are produced by PAHs comprised of some 80 to several hundred C atoms. 

While the spectra in Figure [TT] show that large neutral PAHs can account for the bulk 
of the 11.2 Atm band, i t also shows that these cannot produce the long wavelength wing (e.g. 
Witteborn et al.lll989l ). A number of plausible suggestions have been made to account for 
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the wing, including different P AHs with slightly shifted solo bands , and hot band emissio n 
shifted due to anharmonicity (IBarker et al.l 119871 : iPech et al.l l2002l : IVerstraete et al.l l200ll ) . 
Here we add another possible contributor to the wing, emission from negatively charged large 
PAHs. Figures IHt, [Sf and [TT] show that the solo CB.oop bands in large PAH anions fall at the 
correct position and are sufficiently intense to add to the wing. In view of the important role 
PAH anions play in determining the precise peak positions and profiles of all the other major 
bands, it is reasonable that they too contribute to the long wavelength bands. Thus, if the 
importance of the anion contribution to the wing can be determined, the 10.5 to 11.5 fim 
spectrum of regions emitting the PAH features can be used to probe the relative amounts 
of large PAH cations, anions, a nd neutral species preseiit sinc e the generally weak 11.0 fim 
band likely arises from cations (IHudgins fc Allamandolalll999l ). 



These conclusions, about the size and charge of the PAHs producing the prominent 
features for the class A and class B emission objects are presented schematically in Fig. [131 



4. Conclusions 

The main conclusions of this work, described in Sect. 13.41 can be summarized as follows: 

• The vast majority of the PAHs which produce the well-known emission spectra are 
compact structures with regular edges. Irregular edge structures which produce bay 
regions or quadruply adjacent H atoms are the exception. 

• All the PAH charge states contribute to the 3.3 /im feature. These are the smallest 
members of the astronomical PAH population. 

• The majority of astronomical PAHs may well contain nitrogen within their hexagonal 
network. 

• The 6.2 fim band can only be produced by PAHs that contain nitrogen. The prelimi- 
nary results presented here suggest that the ratio of the class A to class B components 
of this feature may be a measure of PAH cation to anion ratio. 

• The 7.7 fim complex is comprised of a mixture of small and large PAH cations and 
anions with the small species contributing to the 7.6 /im component and the large 
species to the 7.8 /im component. In contrast, the 8.6 /im band arises exclusively 
from large, compact PAH cations and anions. Band positions and profiles directly 
reveal the PAH cation to anion ratio and reflect PAH size in the emission zones. 
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• The 11 to 13 iim features reveal the structures of the largest PAHs in the emitting 
population and the relative amounts of PAH neutrals, cations, and anions in that 
population. 

We would like to thank Doug Hudgins for fruitful, animated discussions and his insightful 
advise regarding Fig. 13. We are particularly grateful to an anonymous referee for careful 
reading of the manuscript. We very gratefully acknowledge sustained support from NASA's 
Long Term Space Astrophysics and Astrobiology Programs, and the Spitzer Space Telescope 
Archival and General Observer Program. 
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